Maintenance of tissue homeostasis requires balanced cell death and proliferation. A key factor that determines this balance is the availability of cell extrinsic growth signals (9, 42) . In the absence of such signals, a cell death program that is regulated by proteins of the Bcl-2 family is initiated. In the hematopoietic system, cytokines, such as interleukin-3 (IL-3), provide signals to prevent the activation of programmed cell death (27) . Prior to commitment to death, however, cytokine-deprived cells undergo a program of cellular atrophy (45) . During atrophy, surface glucose transporters, such as Glut1, become internalized and degraded in lysosomes (14, 45) , leading to reduced glycolytic flux and mitochondrial membrane potential (53) . Ultimately, loss of glucose metabolism leads to cell death (7, 8, 20, 45) . Conversely, maintenance or enhanced glucose uptake has been shown to protect hematopoietic cells (44, 53) , neurons (47) , and cardiomyocytes (32) . Thus, control of glucose metabolism may play a key role in regulation of cell fate. While amino acid sensing is well known to occur via mTOR/ Raptor protein complexes (58) , nutrient-sensing pathways that may respond to changes in glucose metabolism and affect cell survival are poorly understood.
In contrast to normal cells, in which glucose metabolism is regulated by growth factors (16, 53) , cancer cells often both maintain enhanced glucose utilization and resist cell death even in the absence of growth factors (19, 21) . An increased rate of glycolysis is an attribute of cancer cells that has been appreciated for many years (55) , with tumor cells exhibiting high rates of glucose uptake and utilization but moderate rates of mitochondrial oxidation (49) . More recently, the high rates of glucose uptake into cancer cells have been exploited in positron emission tomography to image many types of tumors in patients (18) . Increased glycolysis can stem from tumor hypoxia (19) , and a number of oncogenes (4, 10, 20, 40, 44, 52) have been shown to directly promote glucose metabolism. In addition, genes directly involved in glucose utilization, such as glucose transporter 1 (Glut1) and hexokinases 1 and 2 (HK1 and HK2), which catalyze the uptake and phosphorylation of glucose to glucose-6-phosphate, respectively, are often overexpressed in cancer cells and have been correlated with poor prognosis (50, 59) . Despite ample evidence for altered glucose metabolism in cancer cells, the specific impact that this form of metabolism may have on cell fate has been obscured by the myriad of other signaling and transcriptional events that can occur in cellular transformation.
The ability to maintain glucose metabolism may play a key role in cancer cell resistance to death upon growth factor deprivation. We have shown that overexpression of Glut1 and HK1 is sufficient to delay loss of plasma membrane integrity of growth factor-withdrawn cells (44) . These findings suggested the existence of a glucose-dependent signaling pathway that could delay or prevent apoptosis. While glucose-sensitive signaling to initiate insulin secretion in pancreatic beta cells is relatively well understood (22) , glucose-dependent signaling pathways that may regulate apoptosis are less certain. In support of such a pathway, pretreatment of cells with high extra-cellular glucose concentrations or hyperglycemia has been shown to enhance de novo synthesis of diacylglycerol and promote protein kinase C (PKC) activation to protect cardiomyocytes and neurons from ischemic injury. The mechanism of this protection, however, is not clear (29, 38, 46, 57) .
The Bcl-2 family of proteins includes both pro-and antiapoptotic proteins (12) and are likely candidates to mediate regulation of cell death by glucose metabolism. Some evidence has previously suggested that Bcl-2 family proteins may be sensitive to cell metabolic status because the proapoptotic Bcl-2 family member Bax can become activated upon glucose deprivation (7, 53) . The mechanism linking the Bcl-2 family and glucose metabolism, however, is not certain yet likely utilizes critical regulatory Bcl-2 family proteins. In hematopoietic cells, induction and translocation to mitochondria of the proapoptotic BH3-only protein Bim have been shown to play an important role in many cell death pathways (6) . The antiapoptotic Bcl-2 family protein Mcl-1 also plays a vital role in cell survival and binds Bim on mitochondria to inhibit Bim-induced activation of the proapoptotic protein Bax. Conditional gene targeting has shown that Mcl-1 is required for the survival of both B and T cells (36) . Mcl-1 levels are highly regulated by proteolytic degradation, and phosphorylation of Mcl-1 by GSK-3 in cytokine-deprived cells has recently been shown to play an important role in targeting Mcl-1 for ubiquitination and degradation (31, 62) .
Cellular activation or transformation leads to signaling and transcriptional as well as metabolic events that may affect Bcl-2 family members and cell death. To address how the increased glucose uptake and catabolism characteristic of activated lymphocytes or cancer cells may influence the Bcl-2 family in the absence of other signaling or transcriptional events, we have analyzed the death of cells in which only glucose uptake and metabolism are promoted. Using this approach, we describe a novel glucose-responsive antiapoptotic signaling pathway. In this pathway, enhanced glucose uptake led to inhibitory phosphorylation of GSK-3, most likely via PKC activity, to stabilize the antiapoptotic Bcl-2 family protein Mcl-1. This novel nutrient-sensing pathway may provide a critical mechanism to connect glucose utilization to the Bcl-2 family of proteins via diacylglycerol-induced activation of PKC isoforms to inhibit GSK-3 and set a threshold for apoptosis of cells with high rates of glucose metabolism.
MATERIALS AND METHODS
Cells. FL5.12 cells, BAF3 cells, and 32D cells were cultured in RPMI medium supplemented with 0.5 ng/ml recombinant mouse IL-3 (BD Pharmingen and Pepro Tech, Rocky Hill, NJ) as previously described (5) . Glut1/HK1-expressing FL5.12 cells were generated after selection of clones stably expressing Glut1 and HK1 and have been previously described (44) . Transient transfections were performed by nucleofection (Kit V; Amaxa Biosystems). Stable expression of the short hairpin RNA interference vector (shRNAi) was achieved by retroviral transfection with pKDGFP shRNAi. Stable clones were identified after cell sorting for green fluorescent protein (GFP)-positive cells and Western analysis for gene expression. For growth factor withdrawal, cells were washed three times in phosphate-buffered saline (PBS) prior to resuspension in RPMI medium lacking IL-3. To inhibit protein synthesis, cells were cultured in medium containing 25 g/ml of cycloheximide. Glycolysis was measured as described previously (43) .
Plasmid constructs. Bim isoforms were cloned from FL5.12 mRNA using SuperScript One-Step reverse transcription-PCR with Platinum Pfx (Invitrogen) according to the manufacturer's protocol and subcloned into pEF6 (Invitrogen).
Hemagglutinin (HA)-tagged Mcl-1 (generously provided by H. J. Brady, University College, London) was cloned into pEF6. Bim and Mcl-1 shRNAi plasmids were constructed using previously described approaches (15) . shRNAi sequences were as follows: Bim, GATCTGCGCCCGGAGATACGGATTCCTCGAGCA ATCCGTATCTCCGGGCGCAGATC; Mcl-1, AATGGTTCGATGAAGCTTT CCCTCGAGCGAAAGCTTCATCGAACCATT (34) , and GFP, GATCCGTT CAACTAGCAGACCATTCCTCGAGCAATGGTCTGCTAGTTGAACGG ATC. Sequences were cloned under control of the hU6 promoter in pCR2.1 and pKD vectors as described previously (15) . The GSK-3␤ shRNAi construct was kindly provided by David Turner (University of Michigan) (60) . EGFP-PKD-CRD and EGFP-PKD-CRD-P155/287G constructs were kindly provided by Martin Spitaler and Doreen Cantrel (University of Dundee, United Kingdom). pCMV-FLAG-ubiquitin was kindly provided by Michael Ehlers (Duke University).
Mass spectral analysis of organic acids. Intracellular organic acids were analyzed as described previously (24) . Briefly, cells were washed in PBS, lysed in 0.1 M HCl, and cleared by centrifugation. A cocktail of stable-isotope internal standards was added, and lysates were then extracted in ethyl acetate, dried, and converted to methyl esters, with the addition of trimethyl silyl esters with ethoxyamine hydrochloride. Organic acids were then analyzed by capillary gas chromatography/mass spectrometry.
Cell fractionation. To isolate mitochondria, cells were washed once in PBS, resuspended in mitochondrial isolation buffer (20 mM HEPES [pH 7.5], 10 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 250 mM sucrose, protease inhibitors), and forced by syringe to pass through a 5-m polycarbonate filter membrane. Unbroken cells and nuclei were pelleted by centrifugation at 800 ϫ g for 10 min at 4°C. The supernatant was subjected to an additional centrifugation at 16,000 ϫ g for 10 min at 4°C. The pellet was collected as heavy membrane and mitochondrial fractions, and the supernatant was used as the cytosolic fraction.
Clonogenic assay. Cells were withdrawn from IL-3 for 0, 12, 18, 24, and 48 h; washed; and recultured in medium containing IL-3 in 96-well plates at concentrations of 1/3, 1, or 3 cells per well. The frequency of colonies on each plate after 7 days was determined as the mean and standard error of colony number relative to cell input for each plate (n ϭ 5).
Western blots. Cells were lysed in radioimmunoprecipitation assay buffer with protease inhibitors (BD Pharmingen) and phosphatase inhibitors (Sigma) on ice for 10 min and precleared by centrifugation. Protein concentrations were determined by bicinchoninic acid protein assay (Bio-Rad), and 25 g of protein was subjected to 4 to 20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Bio-Rad). Antibodies used were rabbit anti-Bax (Cell Signaling), rabbit antiBim (BD Pharmingen), rabbit anti-Bcl-2 (BD Pharmingen), mouse anti-cytochrome c (BD Pharmingen), rabbit anti-Glut1 (Abcam), rabbit anti-phospho-GSK-3(Ser9/21) (Cell Signaling), rabbit anti-GSK-3␤ (Cell signaling), mouse anti-phospho-Akt (Ser473), rabbit anti-Mcl-1 (Santa Cruz and Biolegend), rabbit anti-Cox IV, rabbit antiubiquitin (Santa Cruz), rat anti-HA (Roche), rabbit anti-FLAG (Sigma), and mouse antiactin (Sigma). Rabbit anti-phospho-Mcl-1(Ser159) was a kind gift of D. Green (St. Jude Children's Research Hospital, Memphis, TN) and U. Maurer (Institut für Molekulare Medizin und Zellforschung, Germany). Secondary antibodies were anti-rabbit and anti-mouse horseradish peroxidase-labeled antibodies (BD Pharmingen) and anti-rabbit infrared-labeled antibody and were detected with ECL-Plus (Amersham, Biosciences) or the Odyssey infrared imaging system (Licor). All images were uniformly contrasted, and some were digitally rearranged for ease of viewing (rearranged lanes indicated by spaces).
Immunoprecipitation. were added, and the mixtures were rotated at 4°C for 1 h. Anti-rabbit immunoglobulin G beads (ebioscience) or protein A/G beads (Santa Cruz) were then added to the lysates and incubated overnight. Beads were washed with 1% CHAPS buffer three times, and proteins were eluted by boiling the beads in sodium dodecyl sulfate loading buffer.
Fluorescence microscopy. To image GSK-3 phosphorylation in primary bone marrow cells, cells were cytospun, fixed on the slides in 4% paraformaldehyde, washed in PBS-0.1% Tween, and blocked with 20% normal goat serum. Slides were stained with anti-nerve growth factor receptor (NGFR)-biotin (BD Pharmingen) and anti-phospho-GSK-3 (Cell Signaling) or an isotype control, followed by anti-rabbit-Alexa 546 (Molecular Probes), antistreptavidin-FITC (BD Pharmingen), and DAPI (4Ј,6Ј-diamidino-2-phenylindole). To image cells expressing GFP fusion proteins, cells were fixed with 1% paraformaldehyde in PBS VOL. 27, 2007 GSK-3 MEDIATES ANTIAPOPTOTIC GLUCOSE SIGNALING 4329
and viewed with a Zeiss LSM410 confocal microscope (Zeiss, Thornwood, NY) and Metamorph software. Glut1-transgenic mice and primary cell culture. Full-length rat Glut1 was cloned into the pLck.E2 vector, which we have used previously for T-lymphocytespecific transgene expression (43) . Transgenic animals were made in and were a generous gift of the Abramson Family Cancer Research Institute transgenic facility at the University of Pennsylvania. Mice were backcrossed five generations to C57BL6/J mice and cared for at Duke University. T cells were purified by negative selection, and glucose uptake and in vitro survival in neglect were measured as described previously (3, 43) . Bone marrow cells were cultured in 5 ng/ml recombinant IL-3-containing RPMI 1640 medium. Media with IL-3 were changed every 2 days. On day 4, cells were infected in retrovirus supernatant (MSCV-Glut1-IRES-NGFR or vector control) at a concentration of 1 ϫ 10 6 cells/ml for 24 h at 37°C, and they were analyzed by immunofluorescence 2 days later.
RESULTS
Glut1 and HK1 signal to delay Bcl-2 family-mediated commitment to cell death after growth factor withdrawal in a manner that requires glucose hydrolysis. To determine how changes in glucose metabolism may signal to affect cell death pathways, we analyzed the effects of Glut1 and HK1 expression (Glut1/HK1 cells) (44) on cell death by using the FL5.12 hematopoietic precursor cell line. FL5.12 cells are nontransformed and are strictly dependent on the cytokine IL-3 for maintenance of glucose uptake and survival. Expression vectors for Glut1 and HK1 (pSFFV-Glut1 and pcDNA3-HK1, respectively) were previously cotransfected into FL5.12 cells, and stable clones were identified by Geneticin selection and immunofluorescence labeling (44) . Analysis of Glut1/HK1 cells, therefore, provided a means to directly identify glucosestimulated antiapoptotic signaling pathways independent of other transformation-or oncogene-induced antiapoptotic mechanisms. Expression of Glut1 and HK1 promoted and maintained enhanced glycolysis during IL-3 withdrawal (Fig. 1A) , and mass spectrometry-based quantification of intracellular organic acids showed dramatically increased production of lactate that was maintained in the absence of IL-3 (Fig. 1B) . In contrast, Krebs cycle intermediates were only modestly increased or were reduced in Glut1/HK1 cells. Although expression of Glut1 and HK1 does not direct coordinate control over entire metabolic pathways, Glut1/HK1 cells displayed a highly glycolytic phenotype in the presence of IL-3 and shortly after IL-3 withdrawal, similar to what has been observed in many cancer cells (49) . 
Downloaded from
We have previously shown that Glut1/HK1-expressing cells exhibit delayed cell permeability to the vital fluorescent dye propidium iodide (PI) upon IL-3 withdrawal (44). Permeability to PI, however, may be delayed by maintenance of cellular energetics and continued production of ATP (56) and thus may not reflect a true change in the commitment point of death. To more rigorously test the survival capacity of Glut1/ HK1 cells upon IL-3 withdrawal, we performed limiting-dilution clonogenicity analysis on individual control or Glut1/HK1 clones following restoration of IL-3 to cells withdrawn from IL-3 for various periods of time (Fig. 1C) . Consistent with results obtained by PI exclusion (44) , control cells rapidly lost their ability to recover and grow with readdition of IL-3, whereas Glut1/HK1 maintained significant clonogenic survival, albeit not to the same extent as cells expressing the antiapoptotic Bcl-2 family protein Bcl-x L . The survival advantage of Glut1/HK1 cells over control cells required a hydrolyzable glucose source, as the nonhydrolyzable 2-deoxyglucose (2DOG) failed to enhance cell survival even in the presence of methyl pyruvate (a cell-permeable form of pyruvate to provide a mitochondrial substrate) (Fig. 1D ). These findings suggest that glucose may initiate an antiapoptotic signaling pathway requiring glucose hydrolysis to delay commitment to cell death.
Commitment to cell death upon growth factor withdrawal in hematopoietic cells occurs at the point of mitochondrial disruption by Bax and Bak and release of cytochrome c into the cytosol. To identify the stage at which glucose metabolism may delay cell death commitment, Bax activation and cytochrome c release were analyzed in Glut1/HK1 cells. Control and Glut1/ HK1 cells were deprived of IL-3 for 10 h, and Bax was immunoprecipitated from cell lysates by using an active Bax conformation-specific antibody (Fig. 1E) . No active Bax was detectable in cells cultured in the presence of IL-3. Upon IL-3 withdrawal, activated Bax was readily observed in control cells but not in Glut1/HK1 cells. Cytosolic and mitochondrial cell fractions from control, Glut1/HK1, and Bcl-x L cells were also analyzed by immunoblotting to observe mitochondrial disruption and release of cytochrome c (Fig. 1F) . Mitochondria in control cells began to lose integrity 10 h after IL-3 withdrawal, with decreased cytochrome c in the mitochondrial fractions and the appearance of cytochrome c in cytoplasmic fractions. In contrast, cytochrome c release was delayed in Glut1/HK1 cells, and cytosolic cytochrome c was readily detectable only after 12 h of IL-3 withdrawal. By this time, control cells had released the majority of the cytochrome c into the cytosol. Cells overexpressing Bcl-x L maintained mitochondrial integrity throughout the time analyzed. Caspase activation in Glut1/ HK1 cells was also reduced upon IL-3 withdrawal, as precipitation of caspase 3 in Glut1/HK1 cells with biotinylated zVAD, a broad caspase inhibitor that binds to active caspases, yielded only 40% of that obtained in control cells upon IL-3 withdrawal (data not shown). These results indicate that increased glucose metabolism delayed commitment to cell death after growth factor withdrawal upstream of Bax activation and cytochrome c release.
Bim is necessary and sufficient for cytokine withdrawalinduced apoptosis, yet glucose metabolism promotes resistance to Bim toxicity. Antiapoptotic glucose signaling in Glut1/ HK1 cells delayed Bax activation and cytochrome c release upon IL-3 withdrawal, suggesting regulation of the Bcl-2 family members by glucose hydrolysis. Gene-targeting studies have shown that the proapoptotic BH3-only Bcl-2 family member Bim plays a pivotal role in apoptosis of hematopoietic cells upon cytokine withdrawal (6) . In FL5.12 cells, the three isoforms of Bim (Bim EL , Bim L , and Bim S ) were induced and were important for efficient apoptosis upon IL-3 withdrawal, as cells with decreased Bim expression by shRNAi partially resisted IL-3 deprivation-induced apoptosis ( Fig. 2A and B) . To test if glucose metabolism affected Bim induction, we cultured control, Glut1/HK1, and Bcl-x L cells in IL-3 or withdrew cells from IL-3 for 10 h. Transcriptional induction of Bim RNA was analyzed by RNase protection (Fig. 2C) , and total Bim protein levels were determined by immunoblotting (Fig. 2D) . All three Bim isoforms were induced at the RNA level, and Bim EL and Bim L were upregulated at the protein level in all three cell lines upon IL-3 withdrawal. Endogenous Bim S protein was undetectable in all conditions (data not shown). For reasons that are not clear, Glut1/HK1 and Bcl-x L cells had somewhat higher levels of total cellular Bim RNA and protein induction following IL-3 deprivation. Nevertheless, apoptosis was delayed in Glut1/HK1 cells (Fig. 1C) . Mitochondrial levels of Bim are critical for Bim to promote apoptosis, and increased glucose metabolism may have affected Bim translocation to mitochondria (41) . To analyze Bim translocation, mitochondria were isolated from control, Glut1/HK1, and Bcl-x L cells deprived of IL-3 for the indicated times and were immunoblotted for Bim protein levels. Despite somewhat higher total Bim levels, Glut1/HK1 and Bcl-x L cells showed similar Bim translocation to mitochondria compared to control cells, (Fig.  2E ). To determine if Bim protein associations were altered by Glut1/HK1 expression, Bim was immunoprecipitated from control and Glut1/HK1 cells and analyzed by immunoblotting for associations with Bcl-2 and Mcl-1 (Fig. 2F) . While IL-3 withdrawal increased the amount of immunoprecipitated Bim, no differences between control and Glut1/HK1 cells were observed in Bcl-2 coimmunoprecipitation. Mcl-1 was also precipitated with Bim in both cell lines, although total Mcl-1 levels were reduced in IL-3-withdrawn control cells.
Bim induction was greater and Bim translocation to mitochondria and association with other Bcl-2 family proteins appeared normal in Glut1/HK1 cells, yet Glut1/HK1 cells resisted cell death upon IL-3 withdrawal. To determine if increased glucose metabolism could prevent Bim cytotoxicity downstream of induction and translocation to mitochondria, control or Bim L -expressing plasmids were transfected into control, Glut1/HK1, and Bcl-x L cells in the presence of IL-3 and cell viability was monitored. Expression of Bim L was similar in all three cell lines, with moderately higher expression in Glut1/ HK1 and Bcl-x L cells relative to control cells (Fig. 2G) . Bim L led to significant death of control cells, while Bcl-x L -expressing cells were more resistant. Glut1/HK1 cells showed intermediate resistance to Bim L (Fig. 2H) . Similar results were obtained with Bim S (data not shown). These data suggested that increased glucose metabolism acted on the Bcl-2 family proteins at the mitochondria to prevent Bim toxicity and promote cell survival.
Increased glucose metabolism stabilizes Mcl-1 to protect cells against IL-3 withdrawal-induced apoptosis. Although RNase protection showed no differences in mRNA levels of multiple Bcl-2 family members upon IL-3 withdrawal (data not shown), mitochondrial protein levels of the antiapoptotic protein Mcl-1 were found to be affected by glucose metabolism. Mitochondria were purified from control and Glut1/HK1-expressing cells that were cultured in the presence or absence of IL-3 and analyzed for Mcl-1 and Bcl-2 expression levels (a representative gel is shown in Fig. 3A , and quantification from three similar independent experiments is shown in Fig. 3B ). Mcl-1. We sought, therefore, to determine how moderate changes in Mcl-1 protein level that occur upon IL-3 withdrawal may influence sensitivity to apoptosis. Mcl-1 protein levels were decreased using shRNAi to approximately 50% in control and Glut1/HK1 cells to mimic the levels of Mcl-1 that occur in growth factor withdrawal (Fig. 3D) (Fig. 4A ) or mitochondrial (a representative gel is shown in Fig. 4B , and quantification from three similar independent experiments is shown in Fig. 4C ) extracts, the Mcl-1 was more rapidly degraded in control cells than in Glut1/HK1 cells. To further confirm delayed Mcl-1 degradation, control and Glut1/HK1 cells expressing HAtagged Mcl-1 were transfected with FLAG-tagged ubiquitin and withdrawn from IL-3. Immunoprecipitation of HA-Mcl-1 followed by immunoblotting for FLAG-ubiquitin showed that Mcl-1 ubiquitination was reduced in Glut1/HK1 cells (Fig.  4D) . Antiapoptotic glucose signaling, therefore, appeared to inhibit growth factor withdrawal-induced apoptosis via a glucose-sensitive attenuation of Mcl-1 protein ubiquitination and degradation.
Inhibition of GSK-3 kinase activity by glucose metabolism protects Mcl-1 levels and attenuates cell death. Mcl-1 protein degradation is regulated in part through Mcl-1 phosphorylation by GSK-3 on serine 159 and subsequent Mcl-1 ubiquitination by the BH3 domain containing ubiquitin ligase Mule (31, 62) . We therefore analyzed phosphorylation of Mcl-1 S159 and found it decreased relative to that in control cells in two independent clones expressing Glut1 alone or with HK1 (Fig.  5A) , suggesting reduced GSK-3 kinase activity in glycolytic cells. As GSK-3␣/␤ activity is negatively regulated by phosphor- ylation on serines 21 and 9, respectively, total GSK-3␤ and phospho-GSK-3␣/␤ levels were determined by immunoblotting in control and Glut1 and/or HK1 cells (Fig. 5B) . Increased levels of phospho-GSK-3 occurred in multiple independently derived FL5.12 cell clones in which Glut1 and hexokinase 1 were expressed individually or together (Fig. 5B) . Phosphorylation of GSK-3 appeared to be specific for GSK-3 and did not represent increased overall cellular signaling activity, as levels of phospho-Akt (serine 473) were similar in all cell lines (Fig.  5B ) and comparable levels of phospho-STAT5, the STAT3 and STAT5 target Pim1, phospho-mTOR, and phospho-p70S6 kinase were observed in control and Glut1/HK1 cells (data not shown). Enhanced phosphorylation of GSK-3 was maintained upon IL-3 withdrawal and was also observed in Glut1/HK1-expressing 32D and BAF3 early hematopoietic cell lines (Fig. 5C ).
Our data support and extend previous findings on the role of GSK-3␣/␤ in regulation of Mcl-1 (31) to include regulation of GSK-3 by glucose metabolism. Inhibition of GSK-3 in control cells increased maintenance of Mcl-1 (Fig. 5D ) and provided protection from cell death (Fig. 5E ) upon growth factor deprivation to extents comparable to those observed in Glut1/HK1 cells. In addition, RNAi of GSK-3␤, leading to an approximately 50% decrease in GSK-3␤ protein with unchanged GSK-3␣ levels, increased Mcl-1 protein levels (Fig. 5F ) and attenuated cell death upon IL-3 withdrawal similarly to the case for Glut1/HK1 cells (Fig. 5G) . GSK-3 phosphorylation and inhibition of Mcl-1 protein degradation, therefore, appears to represent a critical point in a nutrient-sensing pathway linking glucose metabolism to cell survival.
Glut1 expression increases the phospho-GSK-3 level, protects Mcl-1, and attenuates cell death in primary hematopoietic cells. Having demonstrated increased phospho-GSK-3 levels and maintenance of Mcl-1 in Glut1/HK1-expressing bone marrow-derived myeloid and pro-B-cell lines, we next tested the ability of increased glucose uptake to regulate phospho-GSK-3 in primary bone marrow-derived hematopoietic cells. Primary murine bone marrow cells were isolated, cultured in IL-3, infected with control or Glut1-expressing retrovirus, and analyzed by immunofluorescence for phospho-GSK-3. Similar to the case for cell lines, Glut1 expression in primary bone marrow cells led to enhanced levels of phospho-GSK-3 (Fig.  6A) . We also generated a transgenic mouse with expression of Glut1 specifically in T lymphocytes. Purified peripheral T cells from Glut1-transgenic mice had increased Glut1 expression (Fig. 6B ) and resting glucose uptake (Fig. 6C) . Importantly, freshly isolated T cells from Glut1-transgenic mice had increased levels of phospho-GSK-3 compared to T cells purified from littermate nontransgenic mice (Fig. 6D ) that was partially maintained upon in vitro culture in the absence of stimulation (Fig. 6E, Neglect) . In accordance with GSK-3-mediated regulation of Mcl-1 protein levels, Mcl-1 protein levels decreased when T cells were neglected in vitro (Fig. 6F) . This was attenuated by inhibition of GSK-3 or by expression of the Glut1 transgene ( Fig. 6F and G) . In addition, Glut1-transgenic T cells showed increased resistance to cell death when cultured in vitro in the absence of growth factor or cytokine stimulation (Fig. 6H) . Increased phospho-GSK-3, protection of Mcl-1, and resistance to growth factor withdrawal-induced cell death, therefore, appear to be general events in primary hematopoietic cells with increased glucose uptake.
PKC activity may be responsible for GSK-3 phosphorylation and glucose-stimulated signaling for protection from cell death. GSK-3␣/␤ can be phosphorylated on serines 21 and 9 by a number of kinases, including PKA, PKC, and Akt (26) . To identify candidate kinases by which glucose catabolism may stimulate phosphorylation of GSK-3, we treated control and Glut1 cells with inhibitors to each kinase and observed phospho-GSK-3 levels (Fig. 7A) . Inhibition of Akt by the phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 or of PKA by the inhibitor H89 did not decrease phosphorylation of GSK-3␣/␤ at serines 21 and 9 in Glut1/HK1 cells but did appear to increase GSK-3 phosphorylation in control cells. PI3K/Akt and PKA are, therefore, not major GSK-3 kinases responsible for glucose-stimulated GSK-3 phosphorylation. The mechanism of this increased GSK-3 phosphorylation by these inhibitors is not clear, but it is likely due to compensation by other kinases activated under the stress of inhibitor treatment. In contrast, the global PKC inhibitor (Ro31-8220) led to a near-complete loss of phospho-GSK-3 in both control and Glut1/HK1 cells (Fig. 7A) , suggesting that PKC isoforms were critical GSK-3 kinases. This effect was not dependent on other described nutrient-sensing kinase pathways, such as mTOR (58) and CamK II (33) , as the mTOR/Raptor inhibitor (rapamycin) and CamK II inhibitor (KN93) also had no effect on phospho-GSK-3 levels in Glut1/HK1 cells and increased phospho- GSK-3 levels in control cells (Fig. 7A) , possibly due to compensatory increases in PKC activity similar to those of other kinase inhibitors. To further examine a role for PKC isoforms in phospho-GSK-3␣/␤, control and Glut1/HK1 cells were subjected to treatment with a variety of PKC inhibitors with differing specificities (Fig. 7A) . With the exception of Go6983 and Rottlerin, which inhibit primarily conventional PKCs and PKC␦, respectively, each provided at least partial inhibition of GSK-3 phosphorylation, suggesting that PKC isoforms may play prominent roles in phosphorylation of GSK-3 in response to enhanced glucose metabolism. Diacylglycerol acts as secondary messenger for conventional and novel PKC activation, and its level and distribution can be altered by glucose metabolism (28, 38, 39) . To determine if increased glucose metabolism affected diacylglycerol to promote PKC activity, cells were transfected with a diacylglycerol binding reporter construct. Control and Glut1/HK1 cells were transfected with a diacylglycerol binding domain of the PKCrelated kinase PKD (PKC)-CRD fused to GFP (PKD-CRD-GFP) or with a mutant in which the PKD-CRD was altered to attenuate its ability to bind diacylglycerol (PKD-CRD-GFP P155/287G). Cell membrane localization of PKD-CRD-GFP was significantly higher in Glut1/HK1 cells than in control cells, whereas no difference was observed in PKD-CRD-GFP P155/287G-transfected cells (representative confocal images are shown in Fig. 7B , and quantitation from three independent experiments is shown in Fig. 7C ). These data indicate that chronically elevated glucose metabolism in Glut1/HK1 cells may increase or alter localization of diacylglycerol and provide a possible mechanism for altered PKC localization or activation.
To determine if enhanced PKC activity in Glut1/HK1 cells was required for antiapoptotic glucose signaling and increased survival, we examined the effect of PKC inhibition in cell death upon IL-3 withdrawal. Glut1/HK1 cells were withdrawn from IL-3 and were untreated or treated with PKC inhibitor alone or with GSK-3 inhibitor, and Mcl-1 levels were determined by immunoblotting (Fig. 7D) . Inhibition of PKC led to a sharp reduction in Mcl-1 protein levels that simultaneous inhibition of GSK-3 could partially rescue. In addition, inhibition of PKC prevented Glut1/HK1-mediated protection from cell death and reduced the survival of IL-3-withdrawn Glut1/HK1 cells to a level equivalent to that of control cells (Fig. 7E ). This loss of Glut1/HK1-mediated protection appeared to be due to activation of GSK-3, as increases in the rate of cell death caused by PKC inhibition could be reversed by simultaneous inhibition of GSK-3. Together, these data suggest that a signaling pathway via PKC and GSK-3 is sensitive to glucose metabolism and is active in highly glycolytic cells, such as growth factor-stimulated or cancer cells. Ultimately, this glucose-dependent signaling pathway protects cells from apoptosis by attenuating degradation of Mcl-1 and thus inhibiting toxicity from the proapoptotic proteins, such as Bim.
DISCUSSION
A decreased glucose metabolic rate and initiation of apoptosis are sequential processes that occur when nontransformed cells are withdrawn from growth factors. Cancer cells, however, maintain both glucose metabolism and cell viability when they are growth factor deprived (49) . The relationship between these two features of cancer cell physiology has been unclear. Here we show that increased glycolysis is sufficient to initiate an antiapoptotic signaling pathway to delay commitment to cell death upon growth factor withdrawal. This antiapoptotic signaling pathway appears to be mediated, at least in part, through maintenance of Mcl-1 protein levels via PKC-mediated inhibition of GSK-3. This pathway was activated in both cell lines and primary cells expressing Glut1 and/or hexokinase, which suggests that the coordinate upregulation of glucose metabolic pathways that is promoted by growth factors may play a previously undefined yet critical role in the survival of growth factor-stimulated or cancer cells.
Nutrient-induced signaling pathways have been shown to play important roles in many aspects of cell physiology. The mTOR/Raptor protein complex has been clearly implicated in amino acid sensing for regulation of protein synthesis, cell growth, and autophagy (30) . Metabolic stress, such as may occur when ATP levels become depleted, can promote activation of AMP kinase via increased intracellular levels of AMP, which can both inhibit protein synthesis (23) and activate p53 to inhibit cell cycle progression (25) . Here we provide evidence of a novel glucose-sensitive signaling pathway. This pathway was stimulated by expression of Glut1 and/or HK1 and appeared to require glucose catabolism, as the nonhydrolyzable glucose analog 2DOG was incapable of providing this glucoseinduced survival signal. Elevated glucose metabolism led to phosphorylation of GSK-3␣/␤ on serines 21 and 9 in cells to maintain Mcl-1 protein levels and inhibit Bim-induced apoptosis in hematopoietic cells. While PKC activation in response to hyperglycemia has been thought to play a potential antiapoptotic role (1, 28, 38, 39) , to our knowledge this is the first description of a similar pathway in cells with intrinsically high glucose uptake, such as growth factor-stimulated or cancer cells, and the first to connect this pathway to GSK-3 and the Bcl-2 family of proteins. The approach utilized here to examine the effects of glucose metabolism on cell death in the absence of other signaling or oncogenic events revealed a pathway that may be of broad importance in both cell survival and growth. While the antiapoptotic effects of Glut1 and HK1 expression were not long term, this survival advantage nevertheless provided a significant clonogenic survival advantage over control cells (Fig. 1C) and likely underestimated the overall role that sustained glucose utilization may play in preventing cell death. Indeed, cytokine withdrawal ultimately leads to the loss of expression of both glycolytic and pentose phosphate pathway enzymes, which is not prevented by expression of Glut1 and HK1 (data not shown and reference 44). Thus, in contrast to the case for growth factor-stimulated or cancer cells, which coordinately upregulate and maintain entire metabolic pathways (49), expression of Glut1 and HK1 alone allows only a temporary increase in glucose metabolism after IL-3 withdrawal. In addition, while this analysis focused on the effects of this glucose signaling pathway on hematopoietic cell death, PKC isoforms and GSK-3 have multiple functions, and glucose-stimulated PKC activity and GSK-3 inhibition may affect other aspects of cell survival and growth to promote cancer progression or proliferation of growth factor-stimulated cells of multiple tissues. Addressing the contribution of glucose-stimulated signaling will be an important consideration for future studies of growth and survival of cancer cells as well as of stimulated lymphocytes, which show a robust increase in glucose uptake and utilization after antigenic stimulation (2, 13, 17) .
There has been additional evidence to suggest that glucosemediated pathways may regulate apoptosis. In hepatocytes and pancreatic ␤-cells, glucokinase may reside in a protein complex with the BH3-only protein Bad, where Bad phosphorylation by PKA can regulate glucose-stimulated insulin secretion and cell death induced by glucose deprivation (11) . It has also recently been shown that NADPH levels can regulate phosphorylation (33) . Each of these models is not mutually exclusive with the antiapoptotic glucose-signaling pathway proposed here. In particular, NADPH levels may play a key role in metabolic signaling to PKC if acyl coenzyme A synthesis is required for de novo diacylglycerol generation. As we did not, however, observe any effect of PKA or CamK II inhibition on phospho-GSK-3 levels in Glut1/HK1 cells and Glut1/HK1 expression increased clonogenicity upon IL-3 withdrawal, our results likely identify a novel PKC-mediated glucose signaling pathway. It is also possible that Glut1/HK1 inhibited cell death in part by enhanced availability of metabolic substrates and generation of cytosolic NADH and ATP that may be cytoprotective as energy sources. The glucose-initiated signaling pathway described here may act in concert with and in the context of each of these other pathways and direct metabolic effects to prevent cell death of glycolytic cells. Altered diacylglycerol levels or distribution and prevention of GSK-3 phosphorylation by PKC inhibitors suggest that this nutrient-signaling pathway is initiated by glucose-mediated effects on diacylglycerol and PKC localization or activity. Conventional and novel PKC isoforms are regulated by phosphorylation, calcium, and diacylglycerol (51) . While they are not calcium or diacylglycerol regulated, atypical PKCs (PKC and PKC) are regulated by other kinases, including PKCs (61), or lipids (37, 48) . In principle, increased glucose metabolism may affect intracellular calcium levels or kinase and phosphatase pathways that promote PKC activity. Using a biosensor for diacylglycerol, we show here that increased glucose metabolism leads to altered diacylglycerol levels or localization. Increased extracellular levels of glucose have been shown to enhance de novo synthesis of diacylglycerol in a variety of cell types, and this can stimulate activity of multiple PKC isoforms (38, 54, 57 ) that can be protective in both cardiac and neuronal ischemia (29, 46) . Basal de novo generation of diacylglycerol and related lipids depends on both glucose and the availability or synthesis of fatty acids and thus incorporates several aspects of cell metabolism to indicate nutrient status. This pathway may, therefore, be ideally situated to regulate nutrient-stimulated survival and may regulate basal PKC activity not just in cells in the presence of high extracellular glucose but also in cells with high intrinsic glucose uptake and utilization.
For decades it has been known that cancer cells have increased rates of glycolysis and that growth factors and lymphocyte activation stimulate glucose metabolism. Due to mutation or activation of specific transcriptional programs that may affect apoptosis, however, it has been impossible to discern the effects of glycolysis on apoptosis. In this study, we directly analyzed the effects of increased glucose utilization on apoptosis by expressing only essential glycolytic genes in nontransformed cell lines and primary lymphocytes. Our results demonstrate the existence of a novel antiapoptotic signaling pathway stimulated by glucose metabolism that can set a threshold for apoptotic death. While regulation of Mcl-1 levels appeared to be the critical regulator of cell death in the systems used here, GSK-3 has also been shown to influence a variety of targets to regulate cell function and fate (26) . Thus, glucose-regulated PKC activation and inhibition of GSK-3 may affect a variety of cell types through distinct mechanisms. This study indicates that the long-acknowledged glycolytic metabolism of cancer cells and activated lymphocytes may directly influence cell survival and reveals a novel pathway for possible therapeutic intervention.
